Abstract: Zeeman Doppler Imaging (ZDI) is a recent technique for measuring magnetic fields on rapidly rotating, active stars. ZDI employs spectropolarimetry taken at different rotational phases to derive information on the magnetic field distribution over the stellar surface. The Zeeman effect is used to identify the presence of a magnetic field, and variations in Doppler wavelength shifts across the rapidly rotating star allow fields to be resolved on different parts of the visible disk. Analysis of the spectra can be used to produce both thermal and surface magnetic images. ZDI requires very high S/N spectra to be acquired within a time interval short compared to the stellar rotation period. As a result, a large-aperture telescope is needed.
Introduction

Stellar Magnetic
Fields Stellar magnetic fields play a crucial role in the dynamics and evolution of stellar atmospheres, especially for t h e cool stars which display activity analogous t o t h a t on the Sun. In addition, knowledge of surface magnetic regions is valuable as the fields are indicators of the dynamo generation of magnetic flux in the interiors of late-type stars. However, magnetic fields on cool stars are notoriously difficult to measure. On the Sun, active regions include opposite-polarity magnetic fields in bipolar sunspot groups, and active stars are expected to possess similarly complex field topologies. As a result, the effect of oppositely directed fields in bipolar spots on cool stars tend to cancel in the polarisation signal if the measurement represents an integration of all the light from the stellar disk. Previous methods for detecting magnetic fields on cool stars have not resolved the spatial distribution of the fields, and at best apply only to slowly rotating, and hence less active, stars (see the discussion in for more details).
Zeeman Doppler Imaging
Zeeman Doppler Imaging (ZDI) is a recent technique which uses spectropolarimetry t o detect and measure surface magnetic fields on rapidly rotating active stars (Semel 1989) . T h e key feature of ZDI is its capacity to resolve spatially magnetic regions of opposite polarities using t h e Doppler effect.
By studying in detail the rotational modulation of both intensity and circular polarisation profiles for a magnetically sensitive line, it is possible to map (with the help of a maximum-entropy image reconstruction code) both temperature and magnetic field inhomogeneities across the stellar photosphere (Brown et al. 1991; Donati et al. 1992) . The intrinsic widths of lines limit the technique to analysis of stars with substantial line shifts due to rotation, where vsini > 20 k m s -1 .
By analogy with the Sun, we expect to see stellar active regions which consist of starspots associated with strong magnetic fields. Moreover, repeated observations over a timescale of years provide direct and detailed measurement of the stellar analogue of the solar magnetic cycle. Remarkable behaviour of the magnetic regions on the K subgiant in the HR1099 star system has been revealed by early ZDI observations. The observed change from a radial-poloidal to a toroidal magnetic structure in two years may represent the winding of field lines by differential rotation, as the star progresses from activity minimum to maximum (Donati et al. 1992) .
The aim of the ZDI project is to detail the spatial and temporal behaviour of magnetically active regions for a number of rapidly rotating cool stars in order to gain a better empirical understanding of stellar activity and dynamos.
The Role of the A AT
ZDI requires high-dispersion, high S/N spectra. Typically, spectra with S/N > 200 : 1 and resolution R = 70000 are recorded. In addition, individual observations should be obtained in a few per cent of the stellar rotation period, to maximise spatial resolution on the star. Individual observations are needed in less than an hour for the more rapidly rotating stars. Because of these constraints on temporal resolution and spectral quality, largeaperture telescopes are needed for ZDI, even for the brightest target stars of V « 6 to 8 mag. The 3 • 9 m Anglo-Australian Telescope (AAT) is well suited to ZDI because of its large aperture, and its capabilities for high-dispersion spectroscopy.
An initial, successful test of ZDI on the AAT was done in August 1989, when a magnetic field was detected on the K subgiant star in the RS CVn system HR1099 ). Three Fe I lines were used, which have high effective Lande factors and hence sensitivity to the local magnetic field. At that time, the RGO spectrograph was employed, which limited the spectral coverage that could be obtained. However, later observations, from 1991 onwards, have used the University College London Echelle Spectrograph. The echelle provides a large wavelength coverage, so that hundreds of magnetically sensitive lines across the observed spectrum are recorded simultaneously. In principle, the polarisation profiles from all of these lines can be added, to improve dramatically the S/N ratio for detecting and measuring stellar magnetic fields.
In the last few years, the AAT has been used to obtain ZDI spectra of a number of main-sequence and post-main-sequence stars, and the first data were taken in 1993 for a few relatively nearby and bright pre-main-sequence stars. However, observations have concentrated on monitoring the changing magnetic regions of the K subgiant star in HR1099. The HR 1099 system consists of a rapidly rotating active Kl subgiant primary, in close association with a less active G5 dwarf. The primary has a rotational period of 2-8 days and vsini = 40 km s -1 . The star fills 80% of its Roche lobe. The strong activity, rapid rotation and brightness (my = 6-3) of the subgiant star, as well as the intermediate line-of-sight inclination of its rotation axis (i = 33°), make it ideal for ZDI studies. The star is also of particular scientific interest due to the remarkable changes observed in its magnetic field topology.
We present here our recent, novel analysis of ZDI echelle data, which has combined the profiles from 25 different lines to produce an extremely high-quality detection of magnetic fields for the K subgiant of the HR 1099 system.
Basic Principles
The basic principles of ZDI are illustrated in Figure 1 [for more details see Semel (1989) ]. The disk of the star can be divided into zones of equal rotational velocity. The contributions from these different zones to a given spectral line are separated by their Doppler wavelength shifts, and a local magnetic field will produce circular polarisation of the light emerging from a particular zone on the star. By observing in both left-and right-hand circularly polarised light, information on both the strength and direction of the local magnetic field can be derived. This same information is provided by all the magnetically sensitive lines in the spectrum.
Consider two arbitrary magnetic spots. Circular polarisation due to the first spot appears at X\ in the spectral domain, separated in wavelength from the contribution of the second spot at X2. The intensity spectrum is denoted by I{\) and the wavelength variation of the Stokes parameter is V{\).
The two profiles J + V and I -V are shown, which correspond to the two observed states of circular polarisation.
Their difference gives V, whose variation with wavelength has a characteristic shape when a field is present in the emitting region. Thus V(A) provides the 'signature' of surface magnetic fields.
New AAT Observations
The original observing setup for ZDI on the AAT has been discussed by and by Semel, Due to the Doppler effect, the disk of a rotating star can be subdivided into zones of equal radial velocity, each associated with a given Doppler shift. Consider two magnetic spots of opposite polarities and different Doppler shifts on the stellar surface, whose spectral coordinates are denoted X\ and Xi-The intensity spectrum / associated with this two-spot group consists of two absorption profiles (one for each spot) centred on X\ and X2. Through the Zeeman effect (weak field approximation), each magnetic spot induces small opposite spectral shifts (proportional to the algebraic line-of-sight component of the field) of the corresponding absorption profile in the right-and left-hand circularly polarised spectra I + V and I -V respectively (V denotes the circular polarisation Stokes parameter). The Zeeman signatures of both spots in the Stokes V parameter (obtained by subtracting the right-handed from the left-handed circular polarisation spectra) no longer cancel each other as they would do in a non-rotating star (for which we have Xi = X2). Moreover, the shape of the Stokes V profile informs us about the location of the parent magnetic spots on the visible stellar disk. Donati & Rees (1993) . However, the introduction of the echelle requires a revised discussion of the instrumental arrangements. ZDI observations currently use an aberration-free beamsplitter (combining several calcite blocks; see Semel 1987 for details) and a quarter-wave plate mounted at the AAT / / 8 Cassegrain focus. The Zeeman analyser unit was built at Meudon specifically for the very high S/N ratio spectropolarimetry essential to ZDI. The two beams (corresponding to the two orthogonal states of polarisation, left and right circularly polarised light) feed into the echelle spectrograph through two separate optical fibres. This novel observing setup provides high resolution (about 70000) for unpolarised and circularly polarised stellar spectra, across a wide wavelength domain of 3000 A. Within this interval a total of about 1000 A of spectrum is recorded on the CCD detector. For ZDI, fibres are used instead of the normal coude optical train to minimise instrumental polarisation effects due to mirror reflections. Note, though, that a small amount of instrumental polarisation is not critical for our observations since we are measuring here circular polarisation signatures of line profiles. The left-and right-hand circularly polarised beams from the fibres are recorded on the CCD as spectra with a small relative shift perpendicular to the wavelength dispersion direction.
ZDI observations consist of a series of cycles. Each cycle comprises four separate exposures, the azimuth of the quarter-wave plate optical axis (with respect to those of the beamsplitter) being switched back and forth from +45° (for exposures 1 and 4 in the cycle) to -45° (for exposures 2 and 3) with the result of exchanging both beams on the CCD detector. Altogether this procedure allows removal of most systematic errors in the measurements due to spatial and spectral variations in optical throughput, CCD inhomogeneities, terrestrial and stellar rotation and/or temporal variability (see Semel et al. 1993 for details). Such a reduction procedure has enabled relative noise levels as low as 2 x 1 0 -4 in the Stokes V parameter to be obtained. In addition, we check that ZDI spectropolarimetry of integrated solar light (reflected by the Moon) shows no evidence of Zeeman signatures (the mean solar magnetic field is indeed very weak), which provides a stringent null test for the observational technique. In contrast, magnetic fields on Ap stars are easily detected using this method.
ZDI observing runs using the AAT and echelle took place in 1991 August and December, 1992 December and 1993 December. The journal of observations for HR1099 is shown in Table 1 . 
Analysis
Reduction and analysis of ZDI spectra requires a departure from the methods normally used for echelle data taken with the AAT. Specialised algorithms have been developed, and use both the standard FIGARO data analysis software routines provided by Dr Keith Shortridge at the Anglo-Australian Observatory, and some auxiliary computer programs developed by ourselves. Cosmic ray cleaning is done by intercomparison of images obtained from four successive exposures. The opposite circularly polarised spectra for each order in an image are extracted separately, and rebinned to a scale linear in velocity, where, by interpolation, the interval between bins is made six times smaller than in the original spectra. In addition, the echelle dispersion equation is used to determine a precise relation between pixel number and wavelength. These techniques result in significantly improved wavelength calibration compared to the standard reduction process, and permit the polarisation signal from many lines to be co-added accurately, to maximise the S/N ratio of magnetic field detections. Processing the data with a reduced bin size also ensures that we retain the best possible spectral resolution allowed by the raw data.
The relation between intensity spectrum I, polarisation V, and the spectra of individual beam polarisation states F is used to generate a profile which reveals the presence of magnetic fields. Each beam F corresponds to a single circular polarisation measurement through a given fibre, and a single exposure. Different beams are combined in such a way as to minimise the systematic errors associated with a single observed beam spectrum. If Stokes profile variations are small compared to intensity variations, the polarisation rate V(X)/I(X) can be approximated by
The quantities F nm are beam spectra identified according to the polarisation state (n = 1 or 2) and the number m in a cycle of four exposures. The above equation means that appropriate algebraic manipulation of reduced beam spectra produces a polarisation spectrum, which reveals the characteristic shape caused by the presence of any stellar surface magnetic fields.
Results
Some preliminary results for the RS CVn star system HR1099 are presented in Figure 2 . The top panel was derived from the 1992 December observations, and the others show the system at two different times during the 1993 December observations. In the intensity profile, the relative positions of the primary and secondary absorption lines in the system spectrum shift as the two stars revolve. In the 1993 December 25 results, the system is seen close to conjunction. Both the intensity and polarisation plots in each panel are the result of combining data from 25 magnetically sensitive lines, placed on a common velocity scale.
The presence of a monopolar magnetic field is revealed as an antisymmetric signature with a positive and negative peak in the polarisation spectrum. The primary Kl subgiant star is seen to possess surface magnetic fields at each observation, yet there is no obvious suggestion of a field on the secondary G-type dwarf. In addition, the location of the polarisation signature relative to the line intensity profile provides the position of the fields on the disk, and the intensity profile can be analysed for the purposes of starspot modelling.
The results obtained in 1993, taken with the latest and most efficient version of the ZDI polarimeter, and under favourable seeing conditions (1-2"), represent measurements of unprecedented accuracy. The polarisation signal peak-to-peak variation of only 0-3% is obvious and detailed, because of the high S/N ratio of the measurement. The new observations reveal a complex polarisation signature (three separate magnetic spots?), which alters with stellar rotational phase (about one-third of a rotation has occurred between the observations shown). This result is clear evidence for a complex surface magnetic topology on the cool subgiant star in the HR1099 system.
The spectra presented here plus other data we have reduced will be used to generate thermal and magnetic images of the Kl subgiant. In addition, we plan to produce thermal and magnetic images for a number of other stars on the ZDI program where magnetic fields are positively identified.
